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Biomass torrefaction is a thermal process, which is similar to a mild form of pyrolysis at temperatures 
ranging from 200 to 320 °C to produce energy densified solid fuel. The torrefied biomass is almost equiv¬ 
alent to coal and is termed as bio-coal. During torrefaction, highly volatile fraction of biomass including 
moisture and hemicellulose are released as vapors, providing energy enriched solid fuel, which is hydro- 
phobic and brittle. In this study, bio-coal is produced from palm kernel shell (PKS) in a batch feeding reac¬ 
tor. The operating variables such as temperature, residence time and swiping gas flow rate are optimized. 
Around 73% yield of bio-coal with calorific value of 24.5 MJ/kg was achieved at optimum temperature 
300 °C with residence time of 20 min and nitrogen gas flow rate of 300 mL/min. The thermal yield was 
calculated to be maximum of 94% for the bio-coal produced at 300 °C. The temperature and residence 
time of torrefaction are found to be the most sensitive parameters in terms of product yield, calorific 
value and thermal yield of bio-coal. 

© 2014 Elsevier Ltd. All rights reserved. 


1. Introduction 

The extensive use of fossil fuels for energy (coal, natural gas and 
petroleum) has become a major cause of global warming due to 
increasing of carbon dioxide into the atmosphere. In addition, the 
reserve of fossil fuels is also continuously declining. Besides, the 
utilization of fossil fuels, especially the coal for power generation, 
generates hazardous products in different ways. During coal 
extraction, the toxic inorganic heavy metals such as arsenic and 
mercury are released into the environment, while during combus¬ 
tion of coal; it generates particulate matters, SO* and NO* which 
are potentially hazardous to the environment and public health. 
Therefore, to maintain the sustainability of the environment and 
to prevent the health risk, the alternative energy sources which 
are renewable, sustainable and cost effective are essentially 
shouted. Biomass is one of such a renewable energy sources which 
can be converted to solid, liquid and gaseous fuels to be used as 
alternatives to fossil fuel [1 ]. 

Four thermochemical conversion technologies including com¬ 
bustion, gasification, pyrolysis and torrefaction are being utilized 
for converting biomass into useful form of energy. The combustion 
of biomass is used for direct heat generation, while the gasification 
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produces burnable gas, which is termed as producer gas [2-5] and 
can be used for secondary burning to generate heat and power. 
Pyrolysis on the other hand produces liquid bio-oil [6-8] and tor- 
refaction produces solid fuel which is comparable to coal and is 
termed as bio-coal. Any type of biomass can be considered for tor- 
refaction including woody biomass, forestry by-products, 
agricultural biomass and even municipal solid wastes. However, 
abundantly available oil palm biomass, especially in Malaysia 
and Indonesia who are the leading palm oil producer in the world, 
could be the most suitable feedstock to produce bio-coal. 

Torrefaction is a thermochemical process for biomass pretreat¬ 
ment within the temperature range of 200-300 °C [9[. This process 
is carried out in the absence of oxygen to prevent the biomass from 
being burned under atmospheric pressure. During torrefaction, the 
bound and unbound moisture as well as high volatile fraction of 
organic components are released from biomass. The organic vola¬ 
tiles mostly include extractive and hemicellulose with a little frac¬ 
tion of cellulose and lignin. During torrefaction, approximately 
25-30% of mass reduction occurs and most of which is accounted 
by the vaporization of oxygen-containing molecules [10], The 
energy loss associated with the mass loss for optimum product is 
approximately 10% of total energy content in the feedstock [11], 
Finally, the resulting product appears as energy densified deep 
brown to black solid with highly hygroscopic in nature. The 
product is quite easy to handle, store and transport and most 
importantly it is suitable to burn in existing coal fired power plant. 
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Because of the advantages of torrefied biomass (bio-coal) to be 
used as co-firing with coal or full replacement of coal in the existing 
coal fired power plant and a potentially huge market for electricity 
generation, the process of torrefaction has received potential inter¬ 
est over the last years [11,12], Because of its potential market, many 
technology suppliers, developers and knowledge based institutions 
are actively involved for faster development of the optimized tech¬ 
nology to uptake into the commercial market [ 1 3,14], Under differ¬ 
ent financial facilities, about 30 projects are being implemented; 
most of which are in Europe and North America [15], while at least 
four industrial scale projects are being running [16], Most of the 
research based works in those projects emphasizes to solve the 
problems related to the applied aspects rather than to solve the fun¬ 
damental aspects. As a result, more than 50 patents on biomass tor- 
refaction have been granted over the past five years, indicating the 
growing interest in investigation into the technology [17], The 
investigations, including fundamental and applied, mainly focus 
to some key factors including the reactor technologies and the opti¬ 
mization of the operating variables for different biomasses. How¬ 
ever, most of the plants that have been built for commercial 
production could not achieve their design capacities [18], 

In terms of reactor, most of the torrefaction technologies being 
developed are fundamentally based on already existing biomass 
drying and pyrolysis reactor concepts [19], It needs only the tech¬ 
nical upgradation for torrefaction applications. Therefore, there is 
no single technique fundamentally superior to the others; how¬ 
ever, each of them has their advantages and disadvantages for spe¬ 
cific types of biomass. It implies that the selection of the reactor 
and optimization of operating variables are the key factors for tor- 
refaction of an individual biomass [17,20], 

Even though the torrefaction process enhances the effectiveness 
of biomass as solid fuel, there are some setbacks that make this 
process still unpopular in the industry. Since this process is in 
the development stage, there are still some technological inade¬ 
quacies, which need further investigation to enhance the effective¬ 
ness into the commercial level [16], Since the torrefaction process 
is still immature, the scientific aspects including physico-chemical 
changes of feedstock and chemical reaction kinetics are not fully 
understood and the effects of reaction parameters are still being 
investigated. The torrefaction process is highly sensitive to temper¬ 
ature and solid residence time in the reactor, which needs to be 
optimized to obtain the desired and most optimized yield and 
quality of the final product. Due to the difficulty of controlling 
operating variables, a high quality bio-coal with consistent charac¬ 
teristics is also hard to attain. A little variation of excess tempera¬ 
ture may affect the yield greatly and causes the energy and mass 
yield significantly reduced. Based on the thermogravimetric analy¬ 
sis in the literature and in our investigation, most of the mass loss 
of biomass occurs due to thermal decomposition within a very 
short range of temperature and it varies significantly for various 
biomasses. Although the operating variables are sensitive in mass 
and energy yields a significant progress has been achieved to opti¬ 
mize the operating variables for different biomasses within a rela¬ 
tively short period [21], 

In this work we have torrefied palm kernel shell biomass to pro¬ 
duce energy densified bio-coal. Detailed optimization in terms of 
temperature, residence time and swiping gas flow rate are 
investigated. 


2. Experimental 

2.1. Feedstock 

There are different varieties of oil palm (Elaeis guineensis ) avail¬ 
able in the world; however, in Malaysia Tenera hybrid, which is a 


cross product of Dura (thick shell palm) and Pisifera (shell-less 
palm) is available. Even though the same variety is mostly culti¬ 
vated in Malaysia, the location, weather, and soil quality can vary 
the biomass characteristics. Therefore, it is specifically mentioned 
that the palm kernel shell (PKS) used in this study is collected from 
the Selangor State (Geographical Coordinates 3.3333°N, 
101.5000°E) in Malaysia. More specifically, the PKS collected was 
generated from fresh fruit bunches (FFB), which were harvested 
from 12-15 years old of Tenera variety oil palm. In addition, since 
the PKS was collected from the outlet of a palm oil mill it was 
passed through each of the procedure of oil extraction such as ster¬ 
ilization under 145 °C and 0.27 MPa for 90 min, digestion at 90- 
100 °C for 30 min and pressing. The raw PKS collected contained 
around 22% moisture which was then sun-dried for two days in 
order to remove unbound moisture. The final moisture content in 
PKS was around 10% and it was stored in an air insulated bag 
and placed in a freezer bellow 0 °C in order to avoid any degrada¬ 
tion for using it throughout the investigation. The PKS was charac¬ 
terized by evaluating the proximate and ultimate analyses. The 
volatile and fixed carbon contents of PKS were determined using 
a Thermogravimetric Analyzer (TGA) (Model DTA 60A), while the 
ash content was determined using a Muffle furnace. The detailed 
description of proximate and ultimate analyses is published else¬ 
where [6] and also summarized in Table 1. The proximate and ulti¬ 
mate analyses of Loy Yang coal are collected from Ref. [22] and also 
added in Table 1 to compare with the physical characteristics of 
PKS. 

2.2. Procedure for torrefaction 

The torrefaction of PKS was carried out in a batch feeding reac¬ 
tor heated by a gas fired burner. The reactor diagram is shown in 
Fig. 1, which is consisted of a screw feeder, a stainless steel reactor, 
a ring gas burner and a quick liquid condenser with a liquid collec¬ 
tor. The feeder comprises a feed hopper and a screw with a speed 
controlled motor. The feeder is connected to the top of the reactor. 
The reactor is made of stainless steel of grade 316 with dimension 
of 6 cm inner diameter and 50 cm height. It has feeding line and 
gas outlet at the top and an inert gas inlet at the bottom. The fur¬ 
nace is a gas heating tube furnace, where a specially designed and 
highly controlled ring burner is used. The ring burner is a round 
shaped squire hollow pipe (2 cm each side) tangentially connected 
to a tube of 1.5 cm diameter. A liquefied petroleum gas is injected 
through a nozzle, mixed up with air drafted proportionally from 
the side hole of the injection tube. Finally, the gas is released into 
the burning zone through perforation of the squire hollow pipe. 
The temperature was controlled by controlling the burnable gas 


Table 1 

Physical and chemical characteristics of palm kernel shell and coal. 

PKS [6] Loy Yang i 


Moisture content (%) (dry basis) 10 

Particle size (mm) 7-15 

Bulk density (kg m- 3 ) 0.56 

Proximate analysis 

Volatile mass fraction (%) 74 

Fixed carbon mass fraction (%) 23 

Ash mass fraction (%) 3 

HHV (dry basis, MJ/kg) 17.58 


Ultimate analysis (daf)” 


O 


45.10 

5.10 
0.56 


49.2 


4.9 

0.57 

0.32 


122] 


Ultimate analysis is calculated under dry and ash free basis. 
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injection using a highly controlled needle valve. Temperature in 
the reactor and in the furnace was monitored using thermocouples. 

Before experiment, the empty reactor is inserted into the fur¬ 
nace using a pulley and the reactor is hanged inside the furnace 
with a hook. The reactor is fluidly connected to the screw feeder 
using a flexible silicone hose. A certain amount (usually 100 g) of 
PKS was placed in the hopper and the reactor was heated up to 
the desired experimental temperature. The reactor temperature 
was stabilized for about 30 min while nitrogen gas was passed 
through the reactor to replace any air inside the reactor. About 
10 cm of the nitrogen gas inlet is exposed in the hot zone of the 
furnace to ensure preheating in order to reduce the temperature 
gradient between the wall and center of the reactor. When the 
whole setup is stabilized, the entire PKS in the hopper was fed into 
the reactor in a very short time (usually 0.2 min). 

The residence time of the PKS was varied inside the reactor, 
ranging from 10 min to 60 min. After each of the torrefaction 
experiment, the reactor was quickly pulled up using pulley and 
allowed to cool down naturally to ambient temperature. Finally, 
the solid torrefied product was collected from the reactor and 
stored in a desiccator for further analysis. The liquid vapor was also 
collected using a rapid condenser. The non-condensable gas was 
burned at the end of the condenser while a part of the non-con- 
densable gas was collected into a gas bag for analysis. Each of 
the experiment was repeated three times to verify the reproduc¬ 
ibility of the experiment. 

The gas was collected quantitatively using an especially 
designed gas collector. It was consisted of a sealed cylinder of 
known dimension, gas inlet-outlet valves and water inlet-outlet 
valves. The gas inlet is connected to the condenser outlet using a 
T-connector. Before collecting gas, the cylinder was completely 
filled with water, ensuring complete replacement of air. During 
water filling, the gas inlet was closed, while the gas outlet was 
open. Under stabilized conditions during torrefaction experiment, 
the gas inlet was opened and outlet was closed, while the water 
outlet was also opened. When the water was drained out, the gas 
was sucked into the cylinder. After filling the cylinder with gas, 
the water outlet as well as the gas inlet was closed. The water level 
was monitored using a side transparent plastic tube, vertically and 


fluidly connected to the cylinder and also the level of water was 
measured using a permanently fixed vertical scale. Then a gas 
bag was fluidly connected to the gas outlet, while the water inlet 
and gas outlet valves were opened simultaneously. The entering 
water pushed in the gas into the gas bag. The volume of gas was 
calculated using the following Eq. (1 ). 

V gas = nr 2 L (1) 


where V gas , r and L denote the volume of gas, internal radius of the 
cylinder and height of the water level, respectively. 

The yields of solid, liquid and gas were calculated using the fol¬ 
lowing Eqs. (2)-(4): 


Wbc 

' WpKS X 


(2) 


%V B C(daf) = 


W BC - W M+A 

WpKS(daf) 


100 


( 3 ) 


where %Y BC and %VBc(daf) ate the yield and ash free yield of bio-coal, 
while Wbc, W m+a , W PKS and W PKS (daf) are the weight of bio-coal, 
weight of moisture and ash in bio-coal, weight of PKS and dry and 
ash free weight of PKS, respectively and 

%Y, = v^ xl0 ° (4) 


where %Y t and W ( are the yield and weight of liquid collected from 
each experiment. The yield of gas was calculated by subtracting the 
yields of liquid and solid from 100. 


2.3. Characterization of bio-coal 

2.3.1. Thermogravimetric analysis (TGA) 

Thermogravimetric analysis (TGA) is one of the methods of ana¬ 
lyzing thermal properties of solid materials where the changes in 
chemical and physical properties are measured as a function of 
temperature by using a constant heating rate. This analysis can 
provide the in situ mass gain and loss of the solid materials due 
to the change of temperature. In this study, about 20 mg of sample 
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was used and heated from room temperature to 900 °C at a rate of 
10 °C/min under a flow of N 2 at a rate of 200 mL/min. 


2.3.2. Determination of heating value 

In order to measure the higher heating value (HHV) of raw and 
torrefied samples, the bomb calorimeter was used which is the 
most suitable instrument for heating value measurement. For 
the bomb calorimetric analysis, the sample was first weighed 
accurately within the range of 0.5-1.0g and then it was placed 
into the sampling cup. The sampling cup was then placed inside 
the bomb. After inserting all the required data regarding the sam¬ 
ple on the screen, the bomb was placed inside the bomb calorim¬ 
eter. The sample inside the bomb was ignited using an electrical 
circuit. As the fuel was burned, the heat generated was trans¬ 
ferred into the surrounding water. The water temperature pro¬ 
vided the necessary data to calculate the calorific value of the 
sample. After around 15 min, the analysis was completed and 
the calorific value was obtained directly from the instrument¬ 
monitoring screen. 


2.3.3. Crindability analysis 

Grindability of raw PKS and torrefied PKS was determined using 
a laboratory crushing mill (Retsch SM 2000, Germany), following 
the procedure as described in literature [23], The crushing mill 
used is consisted of a cutting blade rotor driven by a 1.5 kW elec¬ 
tric motor. The cutting mill is assembled with a computer coupled 
with a data logger to measure the power consumption to grind a 
known amount of sample to a particular size. The instantaneous 
power consumption was recorded every two seconds by the data 
logger and monitored on the computer screen and saved. The 
power consumption is a function of particle size and thus, a sieve 
of 1.5 mm opening was used in this study as this size of solid fuels 
is found to be more suitable for combustion [24,25], Coal was also 
tested for grinding under the same grinding conditions for compar¬ 
ison. In this test, the sample was fed manually for consistent feed¬ 
ing to avoid any over drawn of power. 


2.4. Characterization of liquid 

The vapor phase was passed through a quick condenser 
which is cooled under dry ice temperature (-70 °C) to ensure 
the complete condensation of the condensable organic vapors. 
The liquid was collected and analyzed to determine the water 
content and different organic compounds content. The water 
content was determined using the Karl-Fischer titrimetric 
method. For each titration, 10 mg of sample was added into 
the titration chamber. When entire water was consumed by 
the reagent, the machine automatically provided the water con¬ 
tent as weight fraction in percentage. The content of organic 
compounds in the condensed phase was determined by a gas 
chromatograph equipped with Restek Stabilwax-DA column 
(Varian, Palo Alto, CA). 


3. Results and discussion 

The physical properties and chemical composition of feed stock 
play a vital role in the yield and characteristics of torrefied product 
(bio-coal). The inherent particle size of PKS usually lies between 7 
and 15 mm, while the bulk density is around 560 kg/m 3 . The mois¬ 
ture content in the sundried PKS was around 10%. The volatile frac¬ 
tion, fixed carbon and ash content were found to be 74%, 23% and 
3%, respectively. The ultimate analysis provided the mass fraction 
of carbon, hydrogen and oxygen in PKS which were 45.1%, 5.1% 
and 49.2%, respectively. 

The PKS contains higher mass fraction of lignin (44%) [26], com¬ 
pared to the other biomass such as empty fruit bunch EFB (15%) 
[27] and hard wood (20-25%) [28], From the ultimate analysis, it 
could be found that the carbon content in lignin is 59%, while it 
is 42% in cellulose [29], Furthermore, the lignin is covalently linked 
to hemicellulose and cross linked to polysaccharide, which provide 
high rigidness to the PKS. The behavior of thermal decomposition 
of PKS can be seen in TG and DTG profile in previous publication 
[6], where the first weight loss was related to the removal of bound 
and unbound moisture, while the weight loss started at 210 °C was 
related to the devolatilization of organics from PKS. The major 
weight loss occurs between 220 °C and 358 °C which is around 
52%. On the other hand, from the derivative weight loss (DTA) 
curve it can be seen that there were two major peaks at 279 °C 
and 348 °C. The first one was related to the weight loss of hemicel¬ 
lulose and highly volatile extractives, while the second peak was 
related to the cellulose decomposition. This information strongly 
suggested that the torrefaction at around 280 °C could provide 
suitable torrefied products with less volatiles and high energy 
density. 

3.1. Product distribution of PKS torrefaction under different conditions 

The torrefaction of PKS was conducted between 200 °C and 
350 °C and the yields of bio-coal, liquid and gas are summarized 
in Table 2. From Table 2, it can be seen that 88% solid was remained 
in the product when the PKS was torrefied at 200 °C. The vapor 
phase mostly contained water produced from moisture of PKS. 
Very little of non-condensable gas was produced. The data implies 
that at 200 °C, the component of PKS does not decompose signifi¬ 
cantly. At 250 °C, a significant yield of vapors especially gas, 4.6% 
implies the decomposition of organic component of PKS. The vola¬ 
tile yield including liquid vapor and non-condensable gas was 
increased while the bio-coal yield decreased gradually with 
increasing torrefaction temperature until 325 °C. The solid yield 
was vigorously decreased at 350 °C due to the spontaneous decom¬ 
position and release of volatile fraction of PKS. In torrefaction of 
biomass, two important factors need to be considered: (1) yield 
and (2) calorific value of the solid product. The mass loss around 
30% provides the best product in terms of calorific value and ther¬ 
mal yield as many researchers reported [10,30], Usually for 30% 
mass loss the energy loss is around 10% [31], Therefore, the 


2.5. Characterization of gas 

The gas collected in a gas bag was analyzed using Varian 
490-GC micro-gas chromatograph (Varian, Palo Alto, CA) equipped 
with a Molsieve 5A and Poraplot U column. An accurate volume of 
gas was collected in the gas bag using a method described in the 
previous section. Before collecting the gas, it was passed through 
a bubbler containing 200 mL solution of a mixture of 25% chloro¬ 
form and 75% methanol to ensure the complete removal of any 
condensable compounds from the gas. 


Table 2 

Product distribution of PKS torrefaction at different temperatures. 



Conditions: residence time 15 min and nitrogen gas flow rate 200 mL/min. 
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temperature was optimized in order to produce bio-coal with 
around 70% yield. In fact, around 73% yield of bio-coal was 
obtained at 300 °C, which may be considered as an optimum torre- 
faction temperature for PKS. 

Table 3 summarizes the product distribution under different 
solid residence time in the reactor, ranging from 10 min to 
60 min at 300 °C. Residence time is one of the most sensitive 
parameters for biomass torrefaction, which needs to be very care¬ 
fully optimized. As 300 °C is considered as optimum temperature 
for PKS torrefaction, the time required to reach this temperature 
has been investigated. Fig. 2 exhibits the real time temperature 
profile in the PKS pellet of 20 mm diameter and 40 mm length at 
300 °C. In this experiment, 3 thermocouples of 1 mm diameter 
were inserted into the PKS pellet, named Tl, T2 and T3. Another 
thermocouple is attached to the pellet surface. All the thermocou¬ 
ples are connected to a real time data logger, which is further con¬ 
nected to a computer. The pellet with all the thermocouples is 
suddenly inserted into a reactor, which is already stabilized at 
300 °C. The temperature of the pellet at different positions was 
increased in different heating rate as can be seen in Fig. 2. The sur¬ 
face temperature increased to 300 °C in 10 min, however, it was 
220 °C in the same duration in the pellet. It implies that the torre¬ 
faction is started after 10 min of feeding, since the devolatilization 
of highly volatile fraction starts at 220 °C. Finally, it took 17 min to 
reach 300 °C for 20 mm pellet. Flowever, in our torrefaction exper¬ 
iments, the time is assumed to be much shorter and lies between 
10 min and 17 min due to the smaller particle size. Since torrefac¬ 
tion is a mild pyrolysis and occurs bellow the spontaneous decom¬ 
position temperature, the release of volatiles is very slow and takes 
longer time. Hence, the longer residence time provides the higher 
volatile and lower solid yields. Therefore, the residence time was 
optimized in favor of higher solid yield with maximum energy 
yield. As Table 3, the solid yield was around 74% for 15 min 


CS torrefaction under different flow ra 


Nitrogen gas flow rate (mL/min) Yield (%) 

Bio-coal Liquid Gas 


200 

300 

400 

600 


70.1 

71.2 
69.9 
70.7 
70.6 
71.0 
70.6 


20.5 
19.4 
20.9 

19.6 


19.5 

19.7 





N 2 Superficial velocity (cm/min) 

Fig. 3. Effect of N 2 superficial velocity on the product distribution in PKS 
torrefaction at 300 °C for 20 min. 


in of PKS torrefactior 


different residence til 



Conditions: reaction temperature 300 °C, nitrogen gas flow rate 200 mL/min. 



residence time; however, it was still kept around 70% in 20 min 
residence time. 

The effect of swiping gas (N 2 ) flow rate was also investigated on 
the product distribution of PKS torrefaction and the data are sum¬ 
marized in Table 4. The gas flow rate varied from 100 mL/min to 
1000 mL/min, which provided the superficial velocity 3.5 cm/min 
to 35.0 cm/min. The inert gas does not react with any component 
in the reactor; however, it helps to move out the volatiles. Fig. 3 
represents the product distribution as a function of N 2 superficial 
velocity. It can be seen that the solid yield is almost unchanged 
with the variation of superficial velocity. 

During torrefaction process, the volatiles travel from the inner 
core of the PKS particles to the surface due to internal pressure 
build up, while it is swift away from the surface by the carrier 
gas. The invariable solid yield with the variation of N 2 superficial 
velocity implies that the carrier gas has no role in torrefaction pro¬ 
cess. Instead, the torrefaction performance is controlled by the 
internal heat and mass transfer rather than the surface phenom¬ 
ena. This finding is quite similar to other published work for differ¬ 
ent biomasses [31], 


3.2. Characterization of bio-coal 

3.2A. Thermogravimetric analysis of bio-coal 

Fig. 4 represents the thermal properties of bio-coal as a func¬ 
tion of temperature. Based on these results, several justifications 
can be made for each of the bio-coal samples produced at differ¬ 
ent temperatures. The TGA curve for the sample produced at 
250 °C exhibits the maximum weight loss which is around 60% 
of total weight at maximum temperature 900 °C, while it is 
around 55% for the sample produced at 300 °C. As the torrefaction 
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Fig. 4. Thermal effect profile of different bio-coal samples prepared at different 
temperatures. 


temperature of PKS increases, the weight loss in TGA profile 
decreases. This is because the higher fraction of volatiles has 
already been released from PKS at higher torrefaction tempera¬ 
ture. The left over volatile in the torrefied product is released 
during TGA experiment. 

According to Fig. 5, the profile of derivative weight loss as a 
function of temperature shows the sequence of decomposition of 
the individual component in torrefied products. The decomposition 
of PKS components, especially hemicellulose and cellulose occurs 
sequentially as can be seen in DTA profile in Fig. 5. The first peak 
is assigned to devolatilization of hemicellulose, while the second 
peak is assigned to cellulose [24,28], However, the devolatilization 
of lignin is started at the same temperature of hemicellulose and 
slowly continued even until 700 °C [28], The DTA curves in Fig. 5 
clearly show that the hemicellulose is started to decompose at 
around 210 °C. 

The significant derivative weight loss peaks at 280 °C for the 
torrefied samples prepared at 250 °C and 275 °C are related to 
the devolatilization of hemicellulose, which indicates that most 
of the hemicellulose was retained in the bio-coal. The peak inten¬ 
sity decreased for the samples prepared above the torrefaction 
temperature 275 °C, while the peak was disappeared for the sam¬ 
ples prepared at 300 °C and 325 °C. These findings suggest that 
the torrefaction of PKS in between 275 °C and 300 °C with resi¬ 
dence time of 20 min can reduce the highly volatile component 
in the product to a minimum level from where the liberation rate 
of it is very low in further thermal condition. 


Table 5 

Calorific value and thermal yield of torrefied samples. 

Temperature (°C) Calorific value (MJ/kg) Energy yield (%) 

18.5 

200 19.9 92.54 

250 21.4 93.2 

275 23.7 95.3 

300 24.5 94.7 

325 27.3 88.2 

350 28.2 64.1 


Conditions: reaction temperature 300 °C, residence time 15 min. 



Temperature 

Fig. 6. Effects of torrefaction temperature on the energy and mass yields. 


3.2.2. Calorific value and energy yield 

The most important characteristic of torrefied product is calo¬ 
rific value, which provides the energy yield in the product. 
Energy yield mainly evaluates the techno-economic aspects of 
biomass torrefaction. During torrefaction, mass loss occurs due 
to release of mainly water as well as oxygen containing organic 
compounds. Therefore, the energy loss is not proportional to 
mass loss and thus, the energy is densified in the torrefied prod¬ 
uct (bio-coal). Based on the dry and ash free yield and calorific 
value of torrefied product, the energy yield is determined using 
the following Eq. (5). 

,5) 

where the terms %E y i e id, Vecidaf). CV B c and CVrb refer to energy yield, 
dry and ash free yield of bio-coal, calorific value of bio-coal and cal¬ 
orific value of raw biomass, respectively. 



Fig. 5. Derivative weight loss of different bio-coal samples. 
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Fig. 8. Physical appearance of PKS and torrefied PKS. 


The calorific values of different bio-coals are summarized in 
Table 5. It is increased with increasing torrefaction temperature 
due to increasing densification of carbon in the product. 
Although the devolatilization of organic vapor is insignificant 
at 200 °C the calorific value was still increased because of the 
mass loss by releasing moisture. Utilizing solid yields and calo¬ 
rific values of the products in Eq. (4), the energy yields in differ¬ 
ent samples are obtained as tabulated in Table 5. It can be seen 
that the energy yield is higher than 90% until the torrefaction 
temperature 300 °C; however, it is drastically dropped above 
the torrefaction temperature 300 °C. For example, the energy 
yield is 64% when the torrefaction temperature was 350 °C. This 
is obviously due to the drastic weight loss of PKS within the 
temperature range of 300-350 °C as can be seen in TGA profile 
in Fig. 4. 

Fig. 6 represents the comparison of energy yield with mass 
yield of bio-coal. The energy yield of bio-coal produced at differ¬ 
ent temperatures is always higher than mass yield and is similar 
to the other work [32], The difference between mass and energy 
yields is around 7% for 200 °C bio-coal while it is 20%, 24% and 
28% for the bio-coal samples produced at 275 °C, 300 °C and 
325 °C, respectively. It was dropped with further increase of 
temperature may be due to the increasing of ash content in 
bio-coal. 


3.2.3. Grindability of bio-coal 

The grindability of different bio-coal samples was tested in 
terms of specific energy consumption to grind a known amount 
of bio-coal sample to maximum of 1.5 mm particle size. Fig. 7 
exhibits the effect of torrefaction temperature on the specific 
energy consumption for grinding of different bio-coal samples pro¬ 
duced at different temperatures. The raw PKS consumed very high 
specific energy (247 kW h/t) which is comparable with other sim¬ 
ilar studies [33,34], The energy consumption almost linearly 
reduced with increasing the torrefaction temperature. The energy 
required for 275 and 300 °C samples is drastically reduced to 
around 20-30 kW h/t which is comparable to energy consumption 
for coal grinding [23], 


3.2.4. Physical appearance of bio-coal 

Fig. 8 shows the physical appearance of raw PKS and different 
bio-coal samples produced at different temperatures. The raw 
PKS itself is a deep brown colored high density lignocellulosic 
material as can be seen in Fig 8. Unlike other biomass such as 
wood, the PKS density is much higher and looks like natural pellet. 
When it is torrefied from low temperature to high temperature, the 
carbon content became increasingly higher and thus the physical 
color became deeper and finally turned to black. 

























